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The temporal transition from backarc extension to retroarc shortening is a fundamental process in the
evolution of many Andean-type convergent margins. This switch in tectonic regime is preserved in the 5
e7 km thick Mesozoic-Cenozoic stratigraphic record of west-central Argentina at 34e36S, where the
northern Neuquen Basin and succeeding Cenozoic foreland succession chronicle a long history of ﬂuc-
tuating depositional systems and diverse sediment source regions during Andean orogenesis. New
ﬁndings from sediment provenance and facies analyses are integrated with detrital zircon U-Pb
geochronological results from 16 samples of Jurassic through Miocene clastic deposits to delineate the
progressive exhumation of the evolving Andean magmatic arc, retroarc fold-thrust belt, and foreland
province. Abrupt changes in provenance and depositional conditions can be reconciled with a complex
Mesozoic-Cenozoic history of extension, postextensional thermal subsidence, punctuated tectonic
inversion, thick- and thin-skinned shortening, overlapping igneous activity, and alternating phases of
basin accumulation, sediment bypass, and erosion.
U-Pb age distributions constrain the depositional ages of Cenozoic units and reveal a prolonged late
middle Eocene to earliest Miocene (roughly 40e20 Ma) hiatus in the retroarc foreland basin. This
stratigraphic gap is expressed as a regional disconformity that marks a pronounced shift in depositional
conditions and sediment sources, from (i) slow Paleoceneemiddle Eocene accumulation of distal ﬂu-
violacustrine sediments (Pircala and Coihueco Formations) contributed from far western magmatic arc
sources (CretaceousePaleogene volcanic rocks) and subordinate eastern basement rocks (Permian-
Triassic Choiyoi igneous complex) to (ii) rapid MioceneeQuaternary accumulation of proximal ﬂuvial to
megafan sediments (Agua de la Piedra, Loma Fiera, and Tristeza Formations) recycled from emerging
western thrust-belt sources of Mesozoic basin ﬁll originally derived from basement and magmatic arc
sources. The mid-Cenozoic stratigraphic gap signiﬁed ~20 Myr of nondeposition, potentially during
passage of a ﬂexural forebulge or during neutral to extensional conditions driven by mechanical
decoupling and a possible retreating-slab conﬁguration along the Nazca-South America plate boundary.
Neogene eastward propagation of the Malargüe fold-thrust belt involved basement inversion with
geometrically and kinematically linked thin-skinned shortening at shallow foreland levels, including late
Miocene deposition of accurately dated 10.5e7.5 Ma growth strata and ensuing displacement along the
frontal emergent and blind thrust structures. Subsequent partitioning and exhumation of Cenozoic
clastic ﬁll of the Malargüe foreland basin has been driven by inboard advance of arc magmatism and
Pliocene-Quaternary uplift of the San Rafael basement block farther east.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Sciences, Jackson School of
, USA.
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The diverse stress regimes of convergent ocean-continent plate
boundaries induce a range of sedimentary basins on the cratonal
side of arc-trench systems (Royden, 1993; Ingersoll, 2012). During
long-lived subduction, many convergent settings evolve from
extensional backarc basins to neutral (postextensional) basins to
contractile foreland basins. Along the eastern Paciﬁc margin, this
temporal transition is recorded in North America (Coney and
Evenchick, 1994; Lawton, 1994; DeCelles, 2004; Fuentes et al.,
2011) and variably interpreted for South America, where Andean
ﬂexural foreland conditions overprinted extensional and post-
extensional basin evolution (Biddle et al., 1986; Megard, 1989;
Mpodozis and Ramos, 1990; Wilson, 1991; Cooper et al., 1995;
Horton et al., 2010; Fosdick et al., 2011).
Temporal shifts in deformationmode and basin genesis promote
complex depositional histories in which basins behind the arc are
inﬂuenced by arc magmatism, thrust-belt shortening, foreland
basement uplift, and erosion of the craton. During regional
compression, former extensional backarc basins commonly un-
dergo inversion through reactivation of earlier normal faults,
generating both thin- and thick-skinned shortening regimes (e.g.,
Williams et al., 1989; McClay, 1995; Turner and Williams, 2004).
This process of basin inversion triggers wholesale recycling of older
sedimentary basin ﬁll and redistribution into younger foreland
basin ﬁll, generating irregular phases of erosion and accumulation,
and complex patterns of sediment dispersal and recycling (e.g.,
Horton, 2005, 2012; Nie et al., 2012; Fosdick et al., 2015).
In South America, the transition from backarc extension to
orogenic shortening is not well resolved. Although this transition is
undoubtedly preserved in the Mesozoic-Cenozoic stratigraphic and
structural record along much of the length of the Andes, its
detection is often complicated by the fact that the extensional and
contractional phases shared similar structures (commonly reac-
tivated) and similar sediment sources (commonly recycled)
(Charrier et al., 2002; Kley et al., 2005; Mora et al., 2006; Giambiagi
et al., 2008; Mescua and Giambiagi, 2012; Horton et al., 2015a).
Moreover, potential stratigraphic gaps could be explained through
a range of disparate tectonic, climatic, and sea-level processes (e.g.,
Steinmann, 1929; Megard, 1984; Legarreta et al., 1989; Armijo et al.,
2015).
In this study we address the extensional backarc to ﬂexural
foreland evolution of the northern Neuquen Basin of Argentina at
the transition between the central and southern Andes (Fig. 1),
recognizing that this record is a complex product of multiphase
deformation and multiple competing sediment sources. We pre-
sent new sedimentologic, provenance, and U-Pb geochronological
data to document a Mesozoic-Cenozoic history of extensional basin
development and later foreland basin evolution in which sediment
was supplied from magmatic arc, orogenic basement, and cratonic
sources, with large-scale recycling of sedimentary materials
through basin inversion during Andean shortening.
2. Geologic context
Subduction of Paciﬁc oceanic lithosphere beneath the western
margin of South America has generated complex spatial and tem-
poral variations in Mesozoic-Cenozoic tectonic regimes (Mpodozis
and Ramos, 1990, 2008; Ramos, 2010a; Mpodozis and Cornejo,
2012). These transitions are well represented by a thick strati-
graphic record preserved in western Argentina, east of the
magmatic arc, within the Neuquen Basin and overprinting Andean
foreland basin system at 33e40S. In the north-trending axis of the
northern Neuquen Basin (Fig. 1), the Malargüe segment of the
Andean fold-thrust belt and its adjacent foreland consist of thick-and thin-skinned structures involving Permian-Triassic igneous
basement (Choiyoi Group), Paleozoic metasedimentary rocks at
depth, and an overlying cover succession (5e7 km thick) of clastic
and limited carbonate and evaporite strata of Late Triassic to late
Cenozoic age.
The Malargüe fold-thrust belt at 34e36S (Fig. 2) deﬁnes the
narrow (50e100 km wide) southern continuation of the broader
central Andean system, including the Pampean ﬂat slab segment at
27e34S (Ramos et al., 1996, 2002). The east-vergent fold-thrust
belt is situated at 1.5e3 km elevation above a 30 east-dipping
subduction zone, roughly 350 km east of the trench (Kozlowski
et al., 1993; Manceda and Figueroa, 1995; Ramos, 1999; Giambiagi
et al., 2012). In the west, west-dipping faults involving Permian-
Triassic basement and overlying strata, possibly reactivating older
Mesozoic extensional structures, generate high-relief structures
such as the Río Atuel anticlinorium, Los Blancos anticline, and
Dedos-Silla block (Fig. 2). In the east, a thin-skinned thrust system
detached in Jurassic-Cretaceous horizons links to east-vergent
frontal structures (Fig. 3). Collectively, these fold-thrust structures
accommodated 15e30 km of east-west shortening (Giambiagi
et al., 2008; Kraemer et al., 2011; Turienzo, 2010).
The critical boundary between the western and eastern zones of
the Malargüe fold-thrust belt is marked by the north-striking sur-
face expression of the ~50ekm-long Río Atuel fault system, and its
associated large hanging-wall anticlinorium, which includes an
important hanging-wall splay referred to as the La Manga fault
(Fig. 3) (Kozlowski, 1984; Giambiagi et al., 2008; Mescua et al.,
2014; Boll et al., 2014; Fuentes et al., 2016). As one of the largest
structural elements in the Malargüe fold-thrust belt, the Río Atuel
anticlinorium is genetically related to the Río Atuel fault, a steeply
west-dipping, basement-involved master fault that exhibits a
complex relationship in which it carries shallowly detached duplex
structures in its hanging wall (Fig. 3; S-S0, Puestas Rojas ﬁeld), ex-
hibits a series of hanging-wall splays (Fig. 3; N-N0, including the La
Manga fault), bounds a major frontal syncline containing foreland
basin ﬁll (Fig. 3; C-C0, Tristeza syncline), and links eastward with
frontal thin-skinned structures in its footwall (Fig. 3; Meson and
Sosneado thrust faults). East of the fold-thrust belt, a short-
wavelength (~50 km wide) Cenozoic foreland basin (Fig. 3) tapers
eastward onto the elevated Precambrian metamorphic and
Permian-Triassic igneous basement of the San Rafael block (Fig. 1).
The modern low-relief topography across the Malargüe foreland
basin and San Rafael block deﬁnes a mean elevation of about 1.5 km
above sea level.
Cenozoic magmatism overlapped temporally and spatially with
crustal shortening and clastic sedimentation. Eastward encroach-
ment of magmatism culminated in a major phase of late Miocene to
present igneous activity in the Malargüe frontal thrust system and
foreland basin, including the Payenia volcanic province (Figs. 1 and
2) (Kay et al., 2005; Folguera and Ramos, 2011; Folguera et al.,
2015). Part of this magmatic history may reﬂect a short-lived
episode of ﬂat-slab subduction and subsequent asthenospheric
inﬂux due to resteepening of the subducted Nazca plate (Kay et al.,
2006; Folguera et al., 2009).
3. Stratigraphic framework
Triassic to modern sedimentation in the Neuquen Basin
occurred within backarc extensional, postextensional, and retroarc
foreland basin settings. Basin genesis followed widespread
Permian-Triassic rhyolitic, andesitic, and granitic magmatism
responsible for the intrusive and extrusive emplacement of the
Choiyoi Group, the mechanical basement of the region. Sediment
accumulation commenced in a backarc extensional system devel-
oped east of the embryonic Andean magmatic arc along the
Fig. 1. Regional tectonic map showing the Malargüe fold-thrust belt (FTB) and foreland basin (Fig. 2) relative to Cenozoic provinces (Frontal Cordillera, San Rafael basement block,
and Payenia volcanic ﬁeld) and the broader Neuquen Basin (dashed white line indicates approximate eastern basin margin), including the simpliﬁed traces of MesozoiceCenozoic
faults (yellow line segments) and various structural elements (Chos Malal fold-thrust belt, Agrio fold-thrust belt, Chihuidos high, and Huincul arch) (after Vergani et al., 1995;
Manceda and Figueroa, 1995; Bechis et al., 2010). Inset map of South America shows the Nazca subduction zone, Andean deformation front, and active volcanoes of the north-
ern, central, and southern Andes (after Ramos and Folguera, 2009). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Pangea (Uliana and Biddle, 1988; Vergani et al., 1995; Howell et al.,
2005). Late TriassiceEarly Jurassic growth of a fault-bounded
depocenters with half-graben and subordinate full-graben geom-
etries (including the Río Atuel, Los Blancos, Río del Cobre, and La
Valenciana depocenters) was controlled by normal faults display-
ing north-south orientations in the northern Neuquen Basin and
east-west orientations farther south (Fig. 2) (Mosquera and Ramos,
2006). This ~40 Myr synrift phase was followed in Middle Juras-
siceEarly Cretaceous time by a complex ~80 Myr sag phase
involving not only postextensional thermal subsidence but also
several possible short-duration (<5 Myr) events of fault reac-
tivation (Vergani et al., 1995). Late CretaceouseCenozoic sedi-
mentation was primarily related to shortening, but with several
signiﬁcant stratigraphic gaps and intra-Andean zones ofextensional basin formation (Yrigoyen, 1993; Folguera et al., 2010,
2015). A thick Cenozoic succession is largely absent in the main
Neuquen Basin at 36e40S (Cobbold and Rossello, 2003; Huyghe
et al., 2015), but is well represented and well preserved in surface
and subsurface settings of the northern Neuquen Basin at 34e36S
(Silvestro and Atencio, 2009; Kraemer et al., 2011; Boll et al., 2014).
The Upper Triassic through Cenozoic succession of west-central
Argentina (Fig. 4) contains marine and nonmarine deposits with
considerable spatial variations in stratigraphic thickness and lith-
ofacies (Groeber, 1946, 1947, 1951; Criado Roque, 1950; Yrigoyen,
1972, 1993; Legarreta et al., 1981; Legarreta and Gulisano, 1989;
Cruz, 1993; Gulisano and Gutierrez Pleimling, 1995; Vergani et al.,
1995; Legarreta and Uliana, 1996; Zapata et al., 1999;
Dajczgewand, 2002; Giampaoli and Dajczgewand, 2005;
Giampaoli et al., 2002, 2005; Folguera et al., 2006; Mosquera and
Fig. 2. Geologic map of the Malargüe fold-thrust belt depicting major structures, traces of cross sections N-N0 , C-C0 , and S-S’ (gray lines; shown in Fig. 3), and measured section
localities 1e5 (red dashed lines; shown in Fig. 5) (after Kozlowski et al., 1993; Bechis, 2009; Turienzo, 2010). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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5e7 km thick basin ﬁll succession recorded protracted Mesozoic-
Cenozoic accumulation, several poorly understood stratigraphic
gaps are exempliﬁed by disconformities and local angular un-
conformities. The succession is divided into several groups and
numerous formations according to their lithofacies assemblages
and spatial distributions.
Triassic through Lower Cretaceous basin ﬁll comprises a roughly
3e4 km thick interval of marine, marginal marine, and nonmarine
clastic facies with subordinate evaporite and carbonate units. The
initial synrift phase (Late TriassiceEarly Jurassic) is denoted by the
Pre-Cuyo and Cuyo Groups (Fig. 4), consisting of 1.5e2.5 km of
marine sandstone and shale deposits in localized depocenters with
substantial lateral thickness variations dictated by syndepositional
normal faults. Postrift deposition during a thermal sag phase
(Middle JurassiceEarly Cretaceous) encompassed deposition of
1e2 km of extensive marine shale and marginal marine evaporite
and carbonate facies of the Lotena, Mendoza, and Rayoso Groups
(Fig. 4), with important nonmarine sandstone deposits of theTordillo Formation signifying one of several brief fault-reactivation
events.
Earliest Andean shortening (Late Cretaceous) is recorded by
coarse clastic accumulation of the 0.5e1.5 km thick Neuquen Group
(Fig. 4), deﬁned by a ﬂuvial package which locally exhibits a basal
angular unconformity. A subsequent phase of distal clastic accu-
mulation (Maastrichtian-Paleogene) during unclear tectonic con-
ditions involved nonmarine and localized marine conditions that
generated the uniformly ﬁne-grained intervals of shale, minor
sandstone, and carbonate of the <0.5 km thick Malargüe Group
(Loncoche, Roca, Pircala, and Coihueco Formations) (Fig. 4). At
34e36S, the ﬁne-grained distal ﬂuvial facies of the Paleogene
Pircala and Coihueco Formations are capped by a sharp disconfor-
mity (marked by a distinctive conglomeratic unit referred to as the
Rodados Lustrosos; Groeber, 1946, 1947, 1951; Yrigoyen,1972, 1993;
Gorro~no et al., 1979; Sempere et al., 1994; Combina and Nullo, 2011)
and an overlying 1e3 km thick Neogene succession of coarse clastic
ﬁll (Fig. 4). Miocene and younger ﬂuvial and alluvial fan deposits of
the Agua de la Piedra, Loma Fiera, and Tristeza Formations provide
Fig. 4. MesozoiceCenozoic stratigraphic chart for the northern Neuquen Basin and Malargüe foreland basin system showing lithology, stratigraphic nomenclature, lithology, and
thickness patterns (after Dajczgewand, 2002; Giampaoli and Dajczgewand, 2005; Giampaoli et al., 2005; Folguera et al., 2006; Mosquera and Ramos, 2006; Turienzo, 2010; Boll
et al., 2014).
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evolution.
4. Cenozoic depositional systems
Various foreland depositional systems are expressed in the
2e3 km thick Cenozoic succession (Figs. 4 and 5), with abrupt
nongradational shifts corresponding to formational boundaries
among the Paleogene Pircala and Coihueco Formations of the upper
Malargüe Group and the overlying Neogene Agua de la Piedra,
Loma Fiera, and Tristeza Formations (Fig. 6). Measured stratigraphic
sections (Fig. 5) with lithofacies analyses (Fig. 6), paleocurrent
measurements, and conglomerate clast compositional data (Fig. 7)
show a change from distal ﬂuvial and subordinate lacustrine con-
ditions to proximal ﬂuvial to alluvial fan deposition.
Depositional systems are assessed in ﬁve measured sections(Fig. 5), including the formal type section of several key units at the
Loma de Coihueco locality (Fig. 6A). The oldest Paleogene unit, the
Pircala Formation, consists of uniformly thin-bedded, laterally
persistent beds of red siltstone and ﬁne-grained sandstone attrib-
uted to distal overbank ﬂuvial deposition. The uppermost levels
preserve a transition to mixed red and gray siltstones, minor
sandstones and capping white carbonates (Fig. 6A and B) repre-
sentative of shallow lacustrine deposition. This interval includes
primary to reworked layers of white volcanic tuffs (Fig. 6C), for
which U-Pb results provide new depositional age constraints (see
below).
Within the upper Paleogene succession, distinctive slopeform-
ing intervals of poorly consolidated muddy sandstones, clayey
siltstones, and poorly organized sandstones compose the Coihueco
Formation, with diagnostic alternating color bands of dull brown,
tan, and olive green (Fig. 6A, D, and E). Rare interbedded sandstones
Fig. 5. Measured stratigraphic sections of Cenozoic ﬁll in the Malargüe foreland basin system: (1) Loma de Coihueco; (2) SosneadoeSouth; (3) SosneadoeNorth; (4) Vega del Burro;
and (5) Tristeza Syncline (northern tip) (section locations shown in Fig. 2).
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the product of poorly organized ﬂuvial overbank and subordinate
ﬂuvial channel deposition in relatively distal settings. Paleocurrent
data for the Pircala and Coihueco Formations indicate predomi-
nantly east-directed ﬂow (Fig. 5), although local west-directed
paleoﬂow patterns have been observed.
The base of the Neogene Agua de la Piedra Formation is deﬁned
by a regional disconformity upon the Coihueco Formation and
locally older units. Although beds directly above and below the
disconformity are generally concordant, the boundary demarcates a
prominent change in facies, with a distinctive conglomeratic facies
deﬁning the basal 2e20 m of the Agua de la Piedra Formation. This
widespread marker unit, the Rodados Lustrosos (Fig. 4), is
composed of well-rounded, distinctively polished pebbles to small
cobbles with extensively weathered, oxidized, and desert varnished
surfaces (Fig. 6F). The clast populations are largely comprised of
Cenozoic volcanic clasts (Combina and Nullo, 2011) and Permian-
Triassic (Choiyoi Group) volcanic clasts.
The main body of the Agua de la Piedra Formation denotes the
sharp appearance of coarse deposits consisting of red and orange
sandstone and conglomerate arranged into tabular, laterally
continuous, sheet-like bodies (Fig. 6A, G, and H). Channel scours,
mudcracks, normal grading, and ripple to trough cross stratiﬁcation
are common. Deposits are broadly arranged into 10e20 m thick
upward-coarsening packages, but no systematic upward coars-
ening is deﬁned for the succession (Fig. 5). Cross stratiﬁed, well-
sorted eolian deposits are preserved locally (Combina and Nullo,
2011; Boll et al., 2014). Overall, the Agua de la Piedra Formation is
interpreted as a large-scale ﬂuvial system with possible ﬂuvial
megafans, and localized ﬂanking zones of eolian dunes, a deposi-
tional framework common to foredeep depozones (e.g., Horton and
DeCelles, 2001; Siks and Horton, 2011; Levina et al., 2014). Agua de
la Piedra ﬂuvial deposits contain the best-developed Cenozoic
trough cross strata in the region, with uniform paleoﬂow patterns
from west to east and subordinate signals of northeastward and
southeastward ﬂow.
The Neogene Loma Fiera and Tristeza Formations (Fig. 6A)
deﬁne a rapid conversion to gravel-rich facies, with cobble to
boulder conglomerate displaying moderate to poor organization,
and local megabreccia deposits consisting of monolithologic clasts
of Cenozoic volcanic rocks (Fig. 6I and J). These deposits highlight
the shift from Agua de la Piedra ﬂuvial/megafan environments to
local alluvial fan sedimentation, with paleocurrents exhibiting
primarily east-directed ﬂow (Fig. 5). The coarse facies and signiﬁ-
cant north-south continuity of the Loma Fiera and Tristeza units
suggest proximal derivation from a laterally persistent source area,
probably the topographic front of the Malargüe fold-thrust belt.
Compositional data collected from conglomerate clast counts
(e.g., Fig. 6HeJ) within the measured sections indicate spatial and
temporal variations reﬂective of variable exhumation histories
(Figs. 5 and 7). Categories employed in the clast counts are as fol-
lows: (A) volcanic rock, which includes generally porphyritic in-
termediate to felsic Cenozoic and Permian-Triassic (Choiyoi Group)
volcanic rocks; (B) red sandstone derived principally from the
Upper Cretaceous Neuquen Group; (C) calcareous mudstone, (D)
gray limestone, and (E) tan limestone representative of several
JurassiceCretaceous carbonate panels (La Manga, Vaca Muerta,
Chachao, Agrio, Huitrin, and Roca Formations); (F) tan, beige, and
brown sandstone sourced from the Jurassic Cuyo Group and Tor-
dillo Formation; and (G) ﬁne-grained dark gray and purple
quartzite likely recycled from Mesozoic conglomerate or directly
sourced from Permian-Triassic or older units.
Upsection compositional trends (Fig. 7) include a wide assort-
ment of clast types in the Agua de la Piedra Formation followed by
markedly increased volcanic detritus in the overlying Loma Fieraand Tristeza Formations. Within the Agua de la Piedra Formation,
there are few organized upsection trends and clast compositions
show signiﬁcant lateral variability among the measured sections
(Fig. 5). The ~50 km north-south distance represented by the clast
compositional dataset likely reﬂects multiple point sources from
the Malargüe fold-thrust belt, including a southern zone with
diverse Mesozoic sedimentary and volcanic clasts, a central zone
rich in Cretaceous carbonates and calcareous mudstones, and a
northern zone providing chieﬂy Cenozoic volcanic detritus.
Upsection, the Loma Fiera Formation is consistently dominated by
volcanic material, with some conglomerates yielding mono-
lithologic clast compositions (Figs. 5 and 6I). The Tristeza Formation
is also rich in volcanic detritus, particularly in more northern re-
gions. In addition to these stratigraphic trends, all three Neogene
units display greater proportions of volcanic material in northern
relative to southern measured sections (Figs. 5 and 7). Large pro-
portions of volcanic clasts are the product of (1) direct (ﬁrst-cycle)
input of local Cenozoic igneous materials from the Malargüe fold-
thrust belt (Fig. 2), (2) Cenozoic volcanic input from the western
magmatic arc, and (3) recycling of Permian-Triassic (Choiyoi Group)
clasts within older basin ﬁll to the west.
5. U-Pb geochronology
5.1. Methods
Zircon U-Pb age distributions for 17 samples (14 sandstones, 2
tuffs, and 1 ignimbrite) spanning the Mesozoic-Cenozoic succes-
sion (Figs. 8 and 9; Appendix A in Supplementary Data) were
generated by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). Zircon mineral grains were separated
using standard density and chemical separation techniques,
including water table, magnetic, and heavy liquid separation.
Randomly selected zircons grains of variable size and shape were
poured onto a lead-free double-sided tape mount, loaded into a
large-volume Helex sample cell, then analyzed with a double-
focusing, magnetic sector, single collector Thermo Scientiﬁc
Element 2 high-resolution inductively coupled plasma mass spec-
trometer with a Photon Machines 193 nm Analyte G2 excimer laser
ablation system. For each grain, the laser ablation procedure
involved a depth proﬁle of the outer ~15e20 mm layer (as dictated
by use of a tape mount rather than polished mount) followed by
analysis of an ~30 mm diameter spot away from cracks, inclusions,
and grain boundaries. In most cases, 100e120 grains were analyzed
for each sample (e.g., Gehrels et al., 2008; Gehrels, 2014). Analyses
of GJ-1 zircon (600.4 ± 0.1 Ma) provided a reference age standard
(Jackson et al., 2004), with ﬁnal data reduction and age calculations
performed using the software Iolite (Ludwig, 2003a, 2003b; Paton
et al., 2011). Ages with >20% discordance were excluded from
further consideration. The preferred ages reﬂect the 206Pb/238U age
for grains younger than 1000 Ma and the 206Pb/207Pb age for grains
older than 1000 Ma. For all samples, the LA-ICP-MS results and
preferred U-Pb ages were summarized and tabulated (Appendix A),
then plotted as age histograms and relative probability distribution
curves (Figs. 8 and 9).
5.2. Potential sediment sources
Potential sources of sediment during Mesozoic-Cenozoic basin
evolution include, from oldest to youngest: (1) Precambrian crys-
talline basement selectively exposed in cratonal zones to the east;
(2) an extensive Permian-Triassic igneous complex (Choiyoi Group)
that forms the mechanical basement of the Andean and proximal
foreland regions; (3) the Mesozoic-Cenozoic Andean magmatic arc
to the west in westernmost Argentina and Chile; and (4) recycled
Fig. 6. Photos of diagnostic sedimentary lithofacies of Cenozoic ﬁll of the Malargüe foreland basin system. (A) Type section of key stratigraphic units (Loma de Coihueco locality),
including the Pircala, Coihueco, Agua de la Piedra, and Loma Fiera-Tristeza Formations. (B) Thin-bedded red and gray siltstones, sandtones, and capping white carbonates of the
uppermost Pircala Formation (SosneadoeNorth locality). (C) White volcanic tuff and reworked tuff horizons within the upper Pircala Formation (SosneadoeSouth locality). (D)
Banded slopeforming mudstone-dominated outcrops of the Coihueco Formation (Loma de Coihueco locality). (E) Poorly sorted muddy sandstone of the Coihueco Formation (Loma
de Coihueco locality). (F) pebble-cobble conglomerates (Rodados Lustrosos) of the Agua de la Piedra Formation (SosneadoeNorth locality). (G) Interbedded tabular sandstone
deposits and slopeforming sandy siltstones of the lower Agua de la Piedra Formation (SosneadoeSouth locality). (H) sandstone and conglomerate of the Agua de la Piedra Formation
(SosneadoeSouth locality). (I) megabreccia of the Loma Fiera Formation (Loma de Coihueco locality). (J) conglomerate of the Loma Fiera-Tristeza Formation (Loma de Coihueco
locality). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 7. Pie charts of conglomerate clast compositional data for Miocene clastic ﬁll ac-
cording to measured stratigraphic section (left) and stratigraphic unit (right). Mean
values are depicted for the Agua de la Piedra, Loma Fiera, and Tristeza Formations.
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range of sources, but particularly Permian-Triassic basement and
Mesozoic-Cenozoic magmatic arc rocks.
(1) The San Rafael basement block exposed along the distal
eastern margin of the Malargüe foreland basin (Fig. 1) con-
tains late Mesoproterozoic metamorphic rocks (quartzite,
gneiss, schist) and granitic intrusions representing Grenville-
Sunsas-age basement of the Cuyania terrane (Ramos, 1988a,
2010b), with metamorphic and igneous crystallization ages
ranging from 1250 to 1000 Ma (Varela et al., 2011, and ref-
erences therein). Farther east, exposed remnants of stable
South America consist of the late Mesoproterozoic and
Neoproterozoic-Cambrian Pampean terrane (characterized
by 650e500 and 1200e1000 Ma ages) and the Río de la Platacraton of Paleoproterozoic age (principally 2200e1700 Ma)
with limited Archean signatures (3400e2700 Ma) (Rapela
et al., 2007; Escayola et al., 2007; Ramos, 1988a, 2010b;
Ramos et al., 2010). In contrast to other potential source re-
gions, the basement source regions are situated exclusively
east of the study region and therefore represent probable
contributors during Mesozoic sedimentation.
(2) The Permian-Triassic Choiyoi igneous complex forms the
regional basement spanning much of the Andean orogenic
belt and adjacent foreland at 28e36S (Figs. 2 and 4), and is
composed of thick volcanic successions (including signiﬁcant
rhyolitic ignimbrites) and their granitic intrusive equivalents
(Mpodozis and Kay, 1992; Ramos et al., 1996). Most Choiyoi
magmatism ranged from 300 to 240 Ma, with a concentra-
tion of ages at 270e250Ma (Kleiman and Japas, 2009; Rocha-
Campos et al., 2011). At 34e36S, modern exposures of the
Choiyoi Group are limited to the San Rafael block in the east
(Fig. 1) and the deeply exhumed margins of the Malargüe
fold-thrust belt, including the western (Dedos-Silla block),
southern (Malargüe anticline), and northern (Carrizalito
range) boundaries (Fig. 2). The restricted exposure and thick
sedimentary overburden across the Malargüe fold-thrust
belt and Neuquen Basin to the west and south of the study
area suggests that any direct input from the Choiyoi Group
likely came from the San Rafael block to the east or the
Carrizalito range (southernmost Frontal Cordillera) to the
north.
(3) Late Triassic through Cenozoic (220e0 Ma) igneous activity
of the Andean magmatic arc generated Mesozoic sources in
western Chile and widespread Cenozoic volcanic cover and
subordinate intrusions across eastern Chile to westernmost
Argentina, including the Malargüe fold-thrust belt and
foreland basin (Fig. 2) (Mpodozis and Ramos, 1990; Ramos
and Folguera, 2005; Folguera and Ramos, 2011). In Chile, an
Eocene through Miocene record of arc magmatism and
related forearc and intraarc basin genesis is largely recorded
by volcanic materials of the Abanico and Farellones Forma-
tions (Charrier et al., 2002, 2007, 2015; Nystr€om et al., 2003).
In Argentina, MioceneeQuaternary igneous rocks and
magmatic centers with a wide range of compositions span
considerable segments of the eastern foreland at 33e38S,
including the Payenia volcanic province (Fig. 1) (Folguera
et al., 2009; Ramos and Folguera, 2011). Given the spatial
distribution of magmatic arc rocks, any presence of Late
TriassiceCenozoic detritus in basin ﬁll provides an indication
of material originating from igneous sources west of the
study region.
(4) Thick, extensive Upper TriassicePaleogene clastic ﬁll of the
Neuquen Basin (Figs. 1, 2 and 4) was derived mainly from
Proterozoic to Permian-Triassic basement in the east and the
Mesozoic-Cenozoic magmatic arc in the west (Franzese and
Spalletti, 2001; Tunik et al., 2010). This basin ﬁll covered
much of the region east of the magmatic arc, including the
present location of the Malargüe fold-thrust belt, where
maximum accumulation occurred in several fault-controlled
Mesozoic depocenters (Río Atuel, Los Blancos, Río del Cobre,
and La Valenciana depocenters). In contrast, the San Rafael
block and cratonic basement farther east experienced little to
no deposition, such that Permian-Triassic rocks (principally
the Choiyoi Group) remained at or near the surface for most
of Mesozoic-Cenozoic time (Kozlowski et al., 1993). Large-
scale recycling of Neuquen Basin ﬁll provided the prevail-
ing source of sediment during various phases of Cretaceous-
Cenozoic deformation.
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Lower Jurassic Cuyo Gp. (El Freno Fm.)  ELF11 (n=117) 
Lower Jurassic Cuyo Gp. (Puesto Araya Fm.)  PAR11 (n=36) 
Upper Jurassic Mendoza Gp. (Tordillo Fm.)  TOR11 (n=109) 
Upper Jurassic Mendoza Gp. (Tordillo Fm.)  TOR12 (n=86) 
Upper Cretaceous Neuquen Gp.  NQ11 (n=97) 
Paleogene Malargue Gp. (Pircala Fm.)  SSNA06 (n=93) 
Paleogene Malargue Gp. (Coihueco Fm.)  COI11 (n=33) 
Neogene Agua de la Piedra Fm.  LMCH18 (n=59) 
Neogene Agua de la Piedra Fm.  ADP11 (n=111) 
Neogene Agua de la Piedra Fm.  LMCH22 (n=85) 
Neogene Agua de la Piedra Fm.  CLTS3 (n=108) 
Neogene Loma Fiera Fm.  LMCH31 (n=92) 
10.0 ± 0.2 Ma (n=3)
10.8 ± 0.6 Ma (n=1)
15.7 ± 0.6 Ma (n=2)
16.8 ± 0.6 Ma (n=1)
19.0 ± 0.8 Ma (n=1)
19.5 ± 0.4 Ma (n=2)
41.1 ± 1.1 Ma (n=3)
57.3 ± 0.5 Ma (n=3)
45.3 ± 0.7 Ma (n=3)
143.0 ± 1.0 Ma (n=2)
149.5 ± 1.2 Ma (n=2)
202.8 ± 2.1 Ma (n=3)
190.5 ± 3.0 Ma (n=1)
Paleogene Malargue Gp. (Pircala Fm.)  SSNA01 (n=103) 
Neogene Loma Fiera Fm.  VDBA01 (n=68) 
Fig. 8. Comparative plot of normalized detrital zircon U-Pb age distributions for MesozoiceCenozoic stratigraphic units of the northern Neuquen Basin and succeeding Malargüe
foreland basin system, arranged in stratigraphic order, with oldest units at the base. Values in gray italics indicate the weighted mean of the youngest U-Pb ages with 2s error bars
for individual samples. Shaded color bars denote several major age populations.
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U-Pb results from 17 samples (Figs. 4, 8 and 9; Appendix A) are
presented for six timeframes: (1) Permian-Triassic; (2) Early-
Middle Jurassic; (3) Late Jurassic-Early Cretaceous; (4) Late Creta-
ceous; (5) Paleogene; and (6) Neogene.
5.3.1. Permian-Triassic
An ignimbrite sample from upper levels of the extensive
Permian-Triassic Choiyoi Group, collected along the southern
margin of the Malargüe fold-thrust belt (Figs. 2 and 4), yields a
weighted mean age of 244.5 ± 2.0 Ma (Fig. 9; CHO11). The results
conﬁrm an early Middle Triassic age for the uppermost Choiyoi
basement of the Neuquen Basin.5.3.2. Early-Middle Jurassic
Detrital zircon U-Pb results for the Lower-Middle Jurassic Cuyo
Group (Fig. 4) show Permian-Triassic ages originating from Choiyoi
basement (300e240 Ma) and Triassic arc rocks (240e200 Ma)
(Fig. 8; ELF11 and PAR11). Although the older El Freno Formation
contains principally 280e200Ma grains, the younger Puesto Arraya
Formation contains mostly 300e260 Ma grains, possibly reﬂecting
progressive exhumation of older Choiyoi basement. The results are
compatible with sandstone petrographic data (Tunik et al., 2008),
indicating derivation from eastern and western basement sources
and the early Andean magmatic arc to the west.
The younger El Freno zircons indicate Late Triassic magmatism,
with >20% of grains in the 220e200 Ma range. The youngest
grains bear a latest Triassic (Rhaetian) weighted mean age of
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Fig. 9. Plots of U-Pb results for igneous rocks deﬁning the age probability distribution (left) and individual ages with 2s error bars for youngest zircon grains (right). Permian
Choiyoi Group volcanic rock; Paleogene Pircala Formation volcanic tuff; Neogene Loma Fiera Formation volcanic tuff.
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zircon data (Naipauer et al., 2015) in suggesting synchronous
basin genesis and arc magmatism. Results also underscore the
Late Triassic onset of tectonic subsidence in the northern Neuquen
Basin and adjacent outlying subbasins (e.g., Franzese and Spalletti,
2001; Ottone et al., 2014). For the Puesto Araya sample (PAR11), a
single zircon age of 190.5 ± 1.5 Ma supports the reported Early
Jurassic (SinemurianeToarcian) age (Lanes et al., 2008; Naipauer
et al., 2015).
5.3.3. Late JurassiceEarly Cretaceous
U-Pb age spectra for the Upper Jurassic Tordillo Formation
(Fig. 4) reveal a reduction of the Choiyoi basement signature
(300e240 Ma) accompanied by the introduction of Late Triassic
(200e180 Ma) and syndepositional Late Jurassic to possibly very
earliest Cretaceous (160e140 Ma) populations (Fig. 8; Appendix A;
TOR11 and TOR12). Whereas the <160 Ma population derives
directly from the Andean magmatic arc, the 200e180 Ma popula-
tion signiﬁes derivation from older arc materials and/or sedimentrecycling due to basin inversion, as documented for the southern
Neuquen Basin (e.g., Spalletti et al., 2008; Naipauer et al., 2012). The
Permian-Early Triassic (300e240 Ma) population could be sourced
directly from Choiyoi basement or recycled from older basin ﬁll.
These results are consistent with facies patterns and sediment
compositions (Mescua et al., 2008; Lopez-Gomez et al., 2009) in
suggesting input from Triassic-Jurassic magmatic arc rocks,
including syndepositional volcanic materials, with subordinate
Choiyoi basement detritus that could be derived from the eastern
or western basin ﬂanks.
In constraining maximum depositional ages, the youngest
grains from the lower and upper samples yield weightedmean ages
of 149.5 ± 0.9 Ma (TOR11) and 143.0 ± 0.8 Ma (TOR12), respectively.
These results suggest a KimmeridgianeTithonian age, in agreement
with recent U-Pb results (e.g., Naipauer et al., 2012, 2015; Rossel
et al., 2014); however, a very earliest Cretaceous (Berriasian) age
cannot be ruled out, recognizing the ongoing debate over the
precise age of the Jurassic-Cretaceous boundary (e.g., Vennari et al.,
2014).
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U-Pb results for the Upper Cretaceous Neuquen Group (Fig. 4)
show the wholesale disappearance of JurassiceCretaceous grains
from themagmatic arc, a return of the formerly dominant 300e250
Ma signature (Fig. 8; NQ11), and the introduction of a notable
Precambrian age population (Appendix A). The Permian-Triassic
population is emblematic of Choiyoi basement, either through
recycling of an inverted basin in a proximal retroarc region to the
west or direct derivation from basement exposures in foreland
regions to the north (Carrizalito range) or east (San Rafael and
cratonal basement). The absence of Cretaceous (chieﬂy 150e100
Ma) zircons that typify most Neuquen Group deposits at 35e40S
(Tunik et al., 2010; Di Giulio et al., 2012; Balgord and Carrapa, 2016)
suggests limited derivation from the magmatic arc west of the
study area. Further, the large amounts (nearly 50%) of Precambrian-
Cambrian grains (>500 Ma) and presence of pre-Mesoproterozoic
(>1600 Ma) grains are consistent with eastern cratonal sources.
These considerations point to several eastern sources of basement
detritus, including distal input from the Pampean terrane and Río
de la Plata craton as well as proximal erosion of the Choiyoi base-
ment exposed as relict topography or in newly developed foreland
block uplifts.
5.3.5. Paleogene
Deposits of the upper Malargüe Group (Fig. 4), previously
considered to be MaastrichtianePaleocene in age (Legarreta et al.,
1989; Yrigoyen, 1993; Aguirre Urreta et al., 2011), record a sharp
change in U-Pb age signatures. Distal sandstones from the Pircala
and Coihueco Formations reveal the introduction of dominant
contributions of 75e60Ma and 50e40Ma zircons with subordinate
older grains (Fig. 8; SSNA01, SSNA06, and COI11). The youngest U-
Pb age populations, centered at 62e57 Ma and 50e45 Ma for the
Pircala Formation, and 45e40 Ma for the Coihueco Formation,
likely represent syndepositional volcanic grains (see below). These
Paleoceneemiddle Eocene populations indicate sizeable contribu-
tions from the coeval magmatic arc to the west, consistent with
results from the southern Neuquen Basin (Franchini et al., 2003;
Zamora Valcarce et al., 2006; Sagripanti et al., 2011, 2012, 2015;
Spagnoulo et al., 2012a). Subordinate older grains deﬁne Creta-
ceous, Jurassic, and Permian age populations that were likely
recycled from Jurassic-Cretaceous basin ﬁll in the west, although
possible eastern sources of Choiyoi basement cannot be ruled out.
5.3.6. Neogene
U-Pb results from proximal Neogene sandstones (Fig. 4) deﬁne a
shift to a cosmopolitan assemblage of age populations, including
prominent Neogene (<20 Ma) and Permian-Triassic (300e230 Ma)
populations, with minor proportions of Jurassic, Cretaceous, and
Paleogene (200e50 Ma) ages (LMCH18, ADP11, LMCH22, CLTS3,
LMCH31, and VDBA01; Fig. 8). The results deﬁne a systematic
upsection decrease in the youngest age populations: 20e15 Ma for
the Agua de la Piedra Formation (LMCH18, ADP11, LMCH22, and
CLTS3) and 12e10 Ma for the Loma Fiera Formation (LMCH31 and
VDBA01). Neogene-age zircons match coeval igneous sources in the
Malargüe fold-thrust belt and foreland system (Nullo et al., 2002;
Sruoga et al., 2008; Gudnason et al., 2012; Spagnoulo et al.,
2012b; Dyhr et al., 2013). These syndepositional ages point to
sustained input from Andean igneous sources that overprinted the
fold-thrust belt during eastward encroachment of arc magmatism
(Combina and Nullo, 2011; Folguera and Ramos, 2011; Folguera
et al., 2015).
The Neogene appearance and upsection reduction of the 70e60
Ma and 50e40 Ma populations common to the Paleogene Pircala
and Coihueco Formations (Fig. 8) may be related to recycling of
basin ﬁll during initial unrooﬁng of the Malargüe fold-thrust belt.The corresponding upsection increase in Permian-Triassic grains
(Fig. 8) indicates progressively greater contributions of Choiyoi-
derived material. Although this pattern could reﬂect direct input
from limited basement exposures (Fig. 2)din the western fold-
thrust belt (Dedos-Silla block, Tordillo high, or Las Le~nas block of
Kozlowski et al., 1993; Legarreta and Uliana, 1996, 1999; Naipauer
et al., 2015; Boll et al., 2014; Fuentes et al., 2016), the northern basin
margin (Carrizalito range of the southernmost Frontal Cordillera),
or additional zones farther south (Sagripanti et al., 2011)da more
probable scenario involves recycling of extensive Triassic-Jurassic
deposits during basin inversion driven by shortening and uplift of
the adjacent Malargüe fold-thrust belt.
5.4. Cenozoic depositional ages
U-Pb age populations for nine Cenozoic sandstone samples
(Fig. 8; Appendix A) and igneous emplacement ages of two inter-
bedded volcanic horizons (Fig. 9; Appendix A) help constrain the
depositional (stratigraphic) ages of Cenozoic units with limited age
control.
Three Paleogene sandstone samples and one interbedded tuff
sample from the upper Malargüe Group show late Paleo-
ceneemiddle Eocene detrital zircon U-Pb age populations and an
orderly upsection decrease in the youngest ages. For the Pircala
Formation, weighted mean age populations of 57.3 ± 0.5 Ma
(SSNA01) and 45.3 ± 0.7 Ma (SSNA06) (Fig. 8) are in accordance
with U-Pb results from an interbedded tuff horizon (Fig. 6C)
providing a weighted mean age of 51.0 ± 0.4 Ma (LMCH03) (Fig. 9).
For the uppermost Malargüe Group, the Coihueco Formation offers
a weighted mean U-Pb age population of 41.1 ± 1.1 Ma (COI11)
(Fig. 8).
The six Neogene sandstone samples contain <20 Ma zircons.
Four sandstone samples from the Agua de la Piedra Formation
exhibit a cluster of young ages at 20e15 Ma. The youngest pop-
ulations deﬁne a systematic upsection reduction in age, with the
following weighted mean ages, from lower to higher stratigraphic
levels: 19.5 ± 0.4 Ma (LMCH18); 19.0 ± 0.8 Ma (ADP11); 16.8 ± 0.6
Ma (LMCH22); 15.7 ± 0.6 Ma (CLTS3). Similarly, two sandstone
samples from the Loma Fiera Formation, which is dominated by
volcanic materials, display youngest grain ages of 12e10 Ma, with
weighted mean ages of 10.8 ± 0.6 Ma (LMCH31) and 10.0 ± 0.2 Ma
(VDBA01). A sample of an interbedded tuff from the lower levels of
the overlying Tristeza Formation yields a weighted mean age of
7.7 ± 0.3 Ma (VDBA03) (Fig. 9).
Although these weighted mean ages provide maximum age
constraints for individual host horizons (e.g., Dickinson and
Gehrels, 2009), we suggest that (i) the consistency with inter-
bedded volcanic ages and (ii) the well-deﬁned upsection decrease
in the ages of the youngest grain populations (Fig. 8) are compatible
with syndepositional volcanic contributions. Therefore, many of
the youngest populations are likely to approach true depositional
ages, as suggested for similar basins in close proximity to the An-
dean magmatic arc (e.g., DeCelles et al., 2007; Perez and Horton,
2014; Horton et al., 2015b).
6. Structural timing constraints
U-Pb ages for Cenozoic growth strata provide timing constraints
for shortening in the Malargüe fold-thrust belt. The Vega del Burro
locality (measured section 4, Fig. 5) preserves coarse clastic ﬁll in
the frontal Tristeza syncline along the forelimb of the easternmost
basement-involved structure, the east-vergent Río Atuel fault and
the surface trace of its hanging-wall splay, the La Manga fault
(Figs. 2 and 3) (Giambiagi et al., 2008; Mescua et al., 2014; Fuentes
et al., 2016). Exposures of the Miocene Loma Fiera and Tristeza
Fig. 10. Schematic line drawing of an upper Miocene growth stratal succession in the Loma Fiera and Tristeza Formations at the Vega del Burro locality (measured section 4; Fig. 5),
exposed in the frontal syncline along the forelimb of the Río Atuel anticlinorium, which was controlled by the east-directed Río Atuel fault (Fig. 3). The weighted mean U-Pb ages for
two samples constrain the late Miocene age of deposition and synchronous fault displacement.
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turned steeply west-dipping beds to progressively shallower east-
dipping strata (Fig. 10). Several beds within the ~300 m thick suc-
cession display eastward thickening (Fig. 10) away from the surface
trace of the fault 2e3 km to the west (Fig. 2). We interpret the
lateral thickness variations and upsection reduction in stratal dip as
a forelimb growth structure formed during displacement along the
Río Atuel fault and contemporaneous accumulation of the Loma
Fiera and lower Tristeza Formations. This argument is bolstered by
the coarse conglomeratic facies and nearly monomictic volcanic
clast compositions for the Vega del Burro measured section (Figs. 5
and 7), attesting to the proximity of a sediment source rich in
Neogene volcanic rocks.
Constraints on the depositional ages of the growth stratal suc-
cession are provided by U-Pb results for a basal sandstone (VDBA01,
weighted mean age of 10.0 ± 0.2 Ma of three youngest detrital
zircon grains) and an upper tuff (VDBA03, weighted mean age of
7.7 ± 0.3 Ma of ﬁve igneous zircon grains) (Appendix A; Fig. 10).
These data demonstrate a late Miocene (broadly 10.5 to 7.5 Ma)
period of progressive tilting during Loma FieraeTristeza accumu-
lation in the frontal syncline adjacent to the east-vergent Río Atuel
fault, which governed the growth of the Río Atuel anticlinorium
and forms a critical boundary between basement-involved struc-
tures to the west and thin-skinned fold-thrust structures in cover
strata to the east (Figs. 2 and 3).
Comparable growth stratal geometries have been imaged in
seismic reﬂection proﬁles across east-vergent structures in the
frontal fold-thrust belt, where footwall growth strata are deﬁned by
an eastward-thickening foreland basin panel across the Tristeza
syncline that exhibits progressively shallower dips at higher levels,
typically <2e5 km from the fault (Figs. 2 and 3). The growth re-
lationships, however, are expressed in variable stratigraphic levels
of the Neogene succession. Whereas the main basement-involved
Río Atuel structure (and associated splays) show subsurface
growth geometries in lower stratigraphic levels, the more-frontal
Meson and Sosneado thrusts show most growth geometries in
upper levels (e.g., cross section N-N0 and C-C0 of Fig. 3). From the
exposed growth strata and subsurface relationships, we attribute
an initial phase of foreland basin sedimentation (principally Agua
de la Piedra Formation) to early shortening along western trailing
structures (such as the Los Blancos basement anticline and possible
additional structures) and geometrically linked displacement
within the a shallow duplex system (Puesto Rojas structures)
(Fig. 3). This early phase of shortening was followed by an eastward
advance of deformation, with basement-involved inversion along
the Río Atuel fault followed by activation of the thin-skinnedMeson
and Sosneado frontal thrust structures during accumulation ofproximal foredeep and wedge-top basin ﬁll (Loma Fiera and Tris-
teza Formations) (Fig. 3).
A geometric link between thick- and thin-skinned structures is
demonstrated by map-view and subsurface relationships (Figs. 2
and 3). The Río Atuel fault represents a reactivated, west-dipping
normal fault formed during Late TriassiceEarly Jurassic extension
and basin formation (Lanes et al., 2008; Bechis et al., 2009;
Giambiagi et al., 2005, 2008, 2009; Mescua and Giambiagi, 2012).
During Neogene shortening, the Río Atuel fault displaced Permian-
Triassic basement and linked with several shallowly west-dipping
thrust faults affecting Mesozoic-Cenozoic cover strata. In the
eastern footwall, the Tristeza syncline and the east-vergent Meson
and Sosneado thrusts affect CretaceouseNeogene cover strata
(Figs. 2 and 3). These thin-skinned thrust faults carry coarse de-
posits of the upper Miocene Loma Fiera to lower Tristeza Forma-
tions in their hanging walls, requiring continued activity on these
frontal structures linked to the Río Atuel fault. Further deformation
of the uppermost Miocene and possible Pliocene section suggests
that youngest displacement occurred on blind frontal structures in
the footwall of the Sosneado thrust (Fig. 3). These considerations
suggest an in-sequence eastward progression of faulting during the
~20 Myr record of Neogene shortening.
7. Tectonic history and basin reconstruction
Integration of geochronologic, sedimentologic, and sediment
provenance results with regional stratigraphic and structural con-
straints provides a foundation for reconstructions of the Mesozoic-
Cenozoic history of tectonics and basin evolution in the Malargüe
fold-thrust belt and northern Neuquen Basin (Fig. 11).
7.1. Late Triassic-Early Jurassic extension and synrift accumulation
Extensional basin genesis commenced in Late TriassiceEarly
Jurassic time with a system of half- and full-graben basins ﬁlled by
1.5e2.5 km thick clastic marine deposits of the Precuyo and Cuyo
Groups (Fig. 11A). The oldest basin ﬁll of the Precuyo Group (Fig. 4)
is selectively preserved, suggesting that isolated subbasins pro-
gressively merged into larger basins due to linkage of master
normal faults (e.g., Gupta et al., 1998; Gawthorpe and Leeder, 2000;
Barredo et al., 2012; D'Elia et al., 2015). Some original normal faults
are exposed or have been imaged in the subsurface of the Neuquen
Basin (Vergani et al., 1995; Yagupsky et al., 2008; Bechis et al., 2010;
Sanchez et al., 2015; Mosquera and Ramos, 2006; Mosquera et al.,
2011), and help explain thickness variations and the presence or
absence of Precuyo and Cuyo units. These deposits (Fig. 4) rest
unconformably on igneous basement rocks of the Permian-Triassic
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Detrital zircon U-Pb results from the Precuyo and Cuyo Groups
(Fig. 8) indicate principal contributions from the Choiyoi basement,
with potential sources to both the east and west. However, a
coherent population of 200e150 Ma grains reveals input from the
early Andean magmatic arc exclusively west of the basin. This
pattern is consistent with reconstructions of early east-dipping
subduction of Paciﬁc oceanic lithosphere along the western
margin of South America (e.g., Mpodozis and Ramos, 1990; Ramos,
2010a) (Fig. 11A).
7.2. Middle JurassiceEarly Cretaceous development of a postrift sag
basin
Postextensional basin evolution entailed relatively uniform
Middle JurassiceEarly Cretaceous subsidence over a broad region
beyond that of the initial extensional basins (Fig. 11B). Regional
subsidence across this integrated system accounts for the
remarkable stratigraphic continuity of the 1e2 km thick marine to
marginal marine succession of the upper Cuyo, Lotena, Mendoza,
and Rayoso Groups across the Neuquen Basin (Fig. 4), over hun-
dreds of kilometers in a north-south and east-west direction
(Vergani et al., 1995; Aguirre Urreta et al., 2007; Veiga et al., 2011).
Although the original zones of fault-induced footwall uplift were
mostly eroded away by Middle JurassiceEarly Cretaceous time, U-
Pb results point to continued derivation from the western
magmatic arc, with additional inﬂuence of Permian-Triassic
Choiyoi igneous basement, likely exposed in extrabasinal areas
to the east, including the zone presently occupied by the San
Rafael block (Fig. 11B).
Regional sand accumulation recorded by the Upper Jurassic
Tordillo Formation has been variably associated with a pulse of
localized inversion in the southern Neuquen Basin (e.g., Vergani
et al., 1995; Mosquera and Ramos, 2006; Naipauer et al., 2012)
and minor extension near the Argentina-Chile border (Giambiagi
et al., 2003; Mescua et al., 2008, 2014). Focused extension in the
westernmost retroarc zone is consistent with a westward thick-
ening succession containing proximal, Tordillo-equivalent clastic
and volcanogenic deposits (Río Damas Formation; Rossel et al.,
2014). Nevertheless, despite some claims of continued backarc
extension during Early Cretaceous time (e.g., Di Giulio et al., 2012), a
neutral postrift setting governed by thermal subsidence appears
most likely for the distal retroarc zone represented in the Malargüe
region, in that these deposits exhibit regional stratigraphic thinning
to both the east andwest (Fig.11B), away from north- to northwest-
trending axes of the precursor extensional basins (Franzese and
Spalletti, 2001; Legarreta and Uliana, 1999).
7.3. Late Cretaceous shortening and early Andean foredeep
sedimentation
The Upper Cretaceous Neuquen Group (Fig. 4) signiﬁes early
Andean shortening and uplift (Fig. 11C), with sediment delivery
from diverse source regions. Although Cretaceous deposits in the
westernmost Neuquen Basin show signiﬁcant derivation from the
synchronous magmatic arc, our results show additional input
from eastern basement provinces. Comparisons with published
detrital zircon U-Pb results reveal a common alternation between
samples with unimodal arc signatures versus those containing
basement signatures (compare Fig. 8 with Tunik et al., 2010; their
Figs. 10 and 11; Di Giulio et al., 2012; their Fig. 3). This attests to
discrete western and eastern source areas with distinct signa-
tures, rather than a single integrated source region. Nevertheless,
regional westward thickening of the Neuquen Group (locally
>1.5e2 km thick) (Fig. 11C), western conglomeratic facies, andexamples of western syndepositional thrust faults indicate that
accumulation of the Neuquen Group was contemporaneous with
Late Cretacous shortening and ﬂexural subsidence (Cruz, 1993;
Galarza et al., 2009; Orts et al., 2012; Mescua et al., 2013;
Fennell et al., 2016).
The 100e80 Ma timeframe represents a critical transition from
postextensional thermal subsidence to Andean retroarc short-
ening, topographic loading, and ﬂexural foreland subsidence in
the Neuquen Basin and its surroundings (Mpodozis and Ramos,
1990; Cobbold and Rossello, 2003; Howell et al., 2005; Zapata
and Folguera, 2005). Although most studies suggest that Late
Cretaceous deformation was focused in a narrow western fold-
thrust belt adjacent to the magmatic arc (Mescua et al., 2013,
2014; Rojas Vera et al., 2015), sizeable quantities of Choiyoi
detritus (Fig. 8) suggest eastern sources of basement material
(Fig. 11C). Although these sources could be explained by remnant
postextensional topography (Uliana and Biddle, 1988; Legarreta
and Uliana, 1991, 1998; Kozlowski et al., 1993) or a broad fore-
bulge upwarp (Mescua et al., 2013; Di Giulio et al., 2012; their
Fig. 3; Alvarez Cerimedo et al., 2013; their Fig. 14; Balgord and
Carrapa, 2016; their Fig. 11), structural and stratigraphic infor-
mation from surface and subsurface studies of the Neuquen Group
suggest that Late Cretaceous shortening may have generated
localized foreland uplifts 50e100 km east of the thrust front
(Mosquera and Ramos, 2006; Folguera et al., 2007; Rojas Vera
et al., 2015).
7.4. PaleoceneeEocene distal sedimentation in a low-
accommodation basin
Slow accumulation of thin, ﬁne-grained, mud-rich deposits
characterized the Paleoceneemiddle Eocene record of the northern
Neuquen Basin (Fig. 11D). Zircon U-Pb age signatures for the Pircala
and Coihueco Formations of the upper Malargüe Group (Figs. 4 and
8) are governed by latest CretaceouseEocene volcanic sources, and
subordinate older Mesozoic sources from the Andeanmagmatic arc
(Fig. 8) (Legarreta et al., 1989). However, some spatial patterns in
facies and paleocurrents, along with the presence of Permian-
Triassic zircons, are suggestive of eastern sources of Choiyoi base-
ment rocks, as preserved in the San Rafael block and eastern cra-
tonal zones (Barrio, 1990a; Aguirre-Urreta et al., 2011). This raises
the possibility of dual sediment source regions, including a primary
magmatic arc source in the west and secondary basement source in
the east (Fig. 11D), with both sources potentially feeding an axial
deposystem (Legarreta and Uliana, 1989; Barrio, 1990b).
New depositional age constraints provided by U-Pb age distri-
butions demonstrate that the <0.5 km thick clastic succcession
embodied in the Pircala and Coihueco Formations was deposited
from roughly 60 to 40 Ma. This limited accumulation over a pro-
tracted period of time, averaging only 25 m/Myr, underscores the
anomalously low-accommodation setting in which Paleo-
ceneeEocene sedimentation took place in the northern Neuquen
Basin. The slow accumulation rates and observed dominance of
magmatic arc sources are compatible with insigniﬁcant topo-
graphic loading and the absence of awell-developed zone of upper-
crustal shortening between the arc and retroarc basin (Fig. 11D).
Diminished accommodation at a regional scale also could be related
to low-amplitude, long-wavelength uplift as a dynamic response to
shallowing of the subducted slab (e.g., Spagnoulo et al., 2012a;
Davila and Lithgow-Bertelloni, 2015).
7.5. Late Eoceneeearliest Miocene hiatus and unconformity
development
The newly dated late Eocene to earliest Miocene stratigraphic
basal unconformity of
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zircon U-Pb ages (Fig. 8), identiﬁes a sustained period of nonde-
position and development of a regional disconformity in the
northern Neuquen Basin (Fig. 11E). Rather than mid-Cenozoic
deposition and subsequent erosional removal, the presence of the
deeply weathered, oxidized, and desert varnished Rodados Lus-
trosos conglomeratic unit capping the disconformity (Fig. 4) over a
broad retroarc region indicates long-term nondeposition with
principally sediment bypass (i.e., neither signiﬁcant erosion nor
accumulation).
This enigmatic phase of nondeposition in the Andean retroarc
region currently occupied by frontal structures of the Malargüe
fold-thrust belt could represent: (1) a broad ﬂexural forebulge
related to mid-Cenozoic loading in western zones of shortening
(e.g., Giambiagi et al., 2001); (2) large-scale isostatic rebound
following Late Cretaceous loading and ﬂexural foreland subsidence
(e.g., Heller et al., 1988; Legarreta and Uliana, 1991); or (3) a zone of
neutral-stress conditions in a retroarc region undergoing neither
substantial uplift nor subsidence. We ﬁnd independent evidence
for contemporaneous forearc to retroarc extension (and associated
magmatism) focused to the west in the Abanico basin (34e36S:
Charrier et al., 2002, 2007; Nystr€om et al., 2003) and the Río
Grande-Palauco basin, Loncopue trough, and Cura-Mallín basin
(36e39S: Suarez and Emparan, 1995; Jordan et al., 2001a,b; Burns
et al., 2006; Kay et al., 2006; Silvestro and Atencio, 2009; Galarza
et al., 2009; Folguera et al., 2010; Rojas Vera et al., 2010, 2014;
Spagnoulo et al., 2012b; Alvarez Cerimedo et al., 2013) to be
inconsistent with shortening and ﬂexural loading. Therefore, we
consider a combination of neutral stress conditions and possible
limited ﬂexural rebound (after Late Cretaceous thrust loading) to be
instrumental in generating the late Eocene to earliest Miocene
stratigraphic hiatus (Fig. 11E).
7.6. Early-middle Miocene shortening and foreland basin evolution
Rapid early-middle Miocene deposition of the ﬂuvial main body
of the Agua de la Piedra Formation (Fig. 4), which caps the Rodados
Lustrosos basal conglomerate and regional disconformity (top
Coihueco Formation), reﬂects a prominent shift to regional short-
ening, crustal loading, and foreland basin ﬂexure (Fig. 11F). U-Pb
age distributions illustrate western sources, including not only
JurassiceNeogene grains from the magmatic arc but also recycled
retroarc material from Upper TriassicePaleogene basin ﬁll
exhumed during shortening and uplift of the Malargüe fold-thrust
belt (Figs. 1 and 2). Continued fold-thrust deformation led to
enhanced contributions of Permian-Triassic basement signatures,
likely recycled from older basin ﬁll or directly contributed from
early exposures of hinterland basement exposures (Dedos-Silla
block). The >1e2 km thick Agua de la Piedra Formation forms the
bulk of the Cenozoic stratigraphic succession (Fig. 4), and signiﬁes
rapid generation of accommodation space. Surface and subsurfaceFig. 11. Schematic cross-section reconstructions illustrating the MesozoiceCenozoic evolutio
retroarc foreland basin system at ~35S (Argentina), with sediment dispersal directions (sma
Plots are arranged in stratigraphic order, with earliest reconstructions at the base, for compa
possible evolving conﬁguration of the subducted oceanic slab is depicted along the western
the arc and forearc regions (Chile). (A) Early-Middle Jurassic extension and synrift accum
(Precuyo and Cuyo Groups), including basement-involved normal slip on the Río Atuel fault.
Groups). (C) Late Cretaceous early Andean shortening and foreland basin growth (Neuquen
setting (Pircala and Coihueco Formations). (E) Late EoceneeOligocene hiatus and unconform
intraarc, and forearc extension farther west in the time-correlative Abanico basin and Lon
shortening in MFTB and rapid deposition of coarse-grained foreland basin ﬁll (Agua de la P
formity surface. (G) Late Miocene proximal sedimentation (Loma Fiera and Tristeza Forma
tivation of the Río Atuel fault, thin-skinned activation of the Meson and Sosneado thrust fau
with eastward migration of magmatism linked to possible ﬂat-slab subduction. (H) Pliocene
partial exhumation of the Neogene ﬁll of the Malargüe foreland basin, along with continuedata showing thickness and dip variations indicative of thrust-
related growth strata (Figs. 3 and 10) demonstrate synchronous
shortening and thrust loading in the Malargüe fold-thrust belt and
ﬂexural subsidence in the adjacent foreland basin (Fig. 11F).
U-Pb ages and clast compositions indicate sediment input from
Mesozoic strata composing the thrust sheets in the westernmost
Malargüe fold-thrust belt, prior to activation of the Río Atuel fault.
The clast compositions (Figs. 5 and 7) reﬂect exhumation of diverse
zones exposing variable Mesozoic levels, compatible with point
sources of sediment feeding large ﬂuvial systems. The Agua de la
Piedra Formation contains the highest proportion of carbonate
clasts, consistent with exhumation of Upper JurassiceLower
Cretaceous strata (Fig. 4). The systematic upsection reduction in the
youngest U-Pb age populations (Fig. 8) also denotes a continuous
input of syndepositional volcanic material. We suggest that pro-
gressive exhumation of a complex thin-skinned duplex system
rooting westward into thick-skinned hinterland structures (Boll
et al., 2014; Fuentes et al., 2016), potentially related to inversion
of the Los Blancos and Río del Cobre depocenters (Mescua et al.,
2014), recorded the early stages of fold-thrust belt development
and provided sediment to the Agua de la Piedra Formation
(Fig. 11F).
7.7. Late MioceneeQuaternary deformation advance and basement
inversion
The late Miocene shift to proximal ﬂuvial and alluvial fan sedi-
mentation documents deformation advance and basement-
involved basin inversion in the Malargüe fold-thrust belt and
adjacent foreland (Fig. 11G). Preserved growth strata in the Loma
Fiera and Tristeza Formations (Fig. 10) require syndepositional
10.5e7.5 Ma displacement on the Río Atuel fault and its linked thin-
skinned thrust structures; (Giambiagi et al., 2008), which records
reactivation of inherited basement structures and demarcates a
critical boundary between basement-involved deformation in the
west and thin-skinned deformation of cover strata in the east
(Bechis et al., 2009; Mescua and Giambiagi, 2012; Mescua et al.,
2014). This late Miocene main phase of shortening agrees broadly
with timing relationships farther south in the Pincheira-Ventana
and Río Grande-Palauco basins (Fig. 2; 35e36S; Silvestro and
Atencio, 2009; Kraemer et al., 2011) but is slightly younger than
preferred ages reported farther north for the Río Diamante region
(Fig. 2; 34e35S; Turienzo, 2010). The late Miocene is also char-
acterized by eastward migration of the magmatic arc (Fig. 11G), as
expressed in sharply increased volcanic material for the Loma Fiera
and Tristeza Formations (Figs. 5 and 7). The eastward inboard
sweep of magmatism at broadly 10e5 Ma traversed the entire
Malargüe fold-thrust belt and penetrated well into the foreland
basin (Combina and Nullo, 2011; Folguera and Ramos, 2011;
Folguera et al., 2015).
Provenance results from clast compositions and U-Pb agen of the northern Neuquen Basin and succeeding Malargüe fold-thrust belt (MFTB) and
ll arrows), interpreted fault activity, and inferred regional stress regime (large arrows).
rison with the provenance constraints provided by U-Pb age distributions (Fig. 8). The
Andean subduction margin, but no attempt is made to resolve the detailed evolution of
ulation in the Río Atuel (RA), Los Blancos (LB), and Río del Cobre (RDC) depocenters
(B) Late Jurassic-Early Cretaceous postrift sedimentation (Lotena, Mendoza and Rayoso
Group). (D) Paleoceneemiddle Eocene distal sedimentation in a low-accommodation
ity development (basal Agua de la Piedra Formation boundary) coeval with retroarc,
copue trough (schematically projected from ~37S). (F) Early-middle Miocene initial
iedra Formation, including the basal Rodados Lustrosos unit) upon a regional uncon-
tions) during eastward advance of shortening in the MFTB, including basement reac-
lts, and possible earliest exposure of Choiyoi basement in the Dedos-Silla block, along
-Quaternary basement uplift of the San Rafael block in the eastern foreland, inducing
d magmatism related to possible resteepening of the subducted slab.
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middle Miocene exhumation of Mesozoic rocks in the western
Malargüe fold-thrust belt, as recorded by the Agua de la Piedra
Formation, the locus of exhumation shifted eastward to the inver-
ted hanging wall of the Río Atuel fault (Fig. 11G). Late Miocene
inversion of the Río Atuel depocenter and a coeval eastward
expansion of magmatism led to input from principally Cenozoic
volcanic rocks to the Loma Fiera Formation (Figs. 5 and 7). Latest
Miocene deformation propagation into the frontal thin-skinned
zone of the fold-thrust beltdincluding activation of the Meson
and Sosneado thrusts (Fig. 11G)dwas accompanied by ﬁnal fore-
land basin accumulation, as marked by the Tristeza Formation (and
local younger units). These youngest deposits attest to a reduction
in Cenozoic volcanic input and a return of considerable older
detritus (Figs. 7 and 8), likely due to further erosional unrooﬁng.
This interpretation is afﬁrmed by the increase in tan sandstone
clasts of the Jurassic Cuyo Group (Fig. 7), which signiﬁes deeper
exposure levels within the thrust belt, but still limited occurrences
of the Permian-Triassic Choiyoi Group (Fig. 2).
7.8. Pliocene-Quaternary basement uplift and foreland basin
exhumation
Late Miocene thin-skinned shortening and proximal foreland
basin sedimentation was followed by Pliocene-Quaternary uplift of
the San Rafael block farther east (Fig. 11H). Basement-involved
uplift of the San Rafael block partitioned the foreland region and
induced wholesale exhumation of large swaths of Neogene basin
ﬁll composing the Malargüe foreland basin (Ramos and Folguera,
2009). Uplift of the exhumed foreland basin to its present eleva-
tion of ~1.5 km has been accompanied by large-scale Pliocene-
Quaternary volcanism across the eastern foreland at 33e38S,
including the Payenia volcanic ﬁeld (Fig. 1) (Folguera et al., 2009;
Ramos and Folguera, 2011).
8. Discussion
Retroarc foreland basin systems are commonly superimposed
upon precursor extensional backarc basins. However, complex
patterns of structural reactivation, basin inversion, and sediment
recycling may inhibit unambiguous detection of a single abrupt
switch from backarc extension to orogenic shortening. In the
northern Neuquen Basin, at the transition from the central to
southern Andes, understanding this complex and irregular con-
version from an extensional backarc basin to ﬂexural foreland basin
(Fig. 11) involves several pivotal considerations for the Mesozoic-
Cenozoic history of the Malargüe fold-thrust belt and foreland
basin.
8.1. Onset and mode of earliest shortening
After Late TriassiceEarly Jurassic backarc extension, episodes of
coarse clastic inﬂux during Middle Jurassic to Late Cretaceous time
(Fig. 4) could be linked to earliest shortening along this segment of
the convergent Andean margin. Up to ﬁve discrete episodes of
retroarc deformation between 170 and 80 Ma have been proposed,
with the two most prominent events associated with Late Jurassic
(~150e145Ma) and Late Cretaceous (~100e80Ma) accumulation of
thick ﬂuvial deposits of the Upper Jurassic Tordillo Formation and
Upper Cretaceous Neuquen Group, respectively (Fig. 4) (e.g.,
Vergani et al., 1995; Mosquera and Ramos, 2006; Mosquera et al.,
2011; Naipauer et al., 2012). Our provenance results for these two
units reinforce earlier studies in illustrating the dual inﬂuence of
western magmatic arc and eastern basement sources (Fig. 8) (Veiga
and Spalletti, 2007; Spalletti et al., 2008; Tunik et al., 2010;Naipauer et al., 2015). The Tordillo Formation and Neuquen Group
also share similar stratigraphic relationships, with a basal uncon-
formity, locally angular, overlain by a coarse succession up to
1e2 km thick. Although basin-wide progradation could be pro-
duced by a drop in regional or global sea level (Legarreta et al.,
1989), associated basin-margin structures and regional thickness
trends suggest synchronous deformation.
On the basis of facies distributions, grain-size trends, and po-
tential controlling structures, the ~5 Myr episode represented by
Tordillo deposition has been demonstrated to be contemporaneous
with oblique transpressional reactivation of an east-trending high,
the Huincul arch, in the southern Neuquen Basin at 38e40S (Fig. 1)
(Vergani et al., 1995; Mosquera and Ramos, 2006; Mpodozis and
Ramos, 2008; Garcıa Morabito et al., 2011; Naipauer et al., 2012).
However, there is no evidence of a broad zone of crustal shortening
or sustained rapid accumulation due to ﬂexural loading at this time.
In fact, the oblique nature of Huincul arch deformation appears
more compatible with limited extension during an episode of stress
reorganization (e.g., Vergani et al., 1995; Cegarra and Ramos, 1996;
Pangaro et al., 1996; Giambiagi et al., 2003; Mescua et al., 2008,
2014). At a regional scale, backarc and intraarc basin ﬁll and
igneous records from central to northern Chile and westernmost
Argentina suggest Late Jurassic normal faulting and maﬁc mag-
matism with an enhanced mantle component, indicative of
extension in a subduction rollback setting (Ramos, 1988b; Parada
et al., 2007; Charrier et al., 2007; Creixell et al., 2011; Vasquez
et al., 2011; Oliveros et al., 2012). In our opinion, the pre-Late
Cretaceous events in Argentina appear to be cases of strict fault
reactivation, caused by extensional relaxation or oblique reac-
tivation of speciﬁc inherited structures, rather than widespread
inception of signiﬁcant new structures and development of an
organized contractional orogenic belt.
In contrast, we regard Late Cretaceous deformation responsible
for deposition of the Neuquen Group as a fundamentally different
situation. Available age control indicates that the 0.5e1.5 km thick
Neuquen Group (Fig. 4) recorded a sharp increase in Cen-
omanianeCampanian accumulation rates that persisted for
~20 Myr (Manceda and Figueroa, 1995; Ramos et al., 1996).
Geochemical data indicate a shift in Hf isotopic values requiring the
introduction of new sediment sources in emerging Andean regions
to the west (Tunik et al., 2010). Moreover, there is evidence for
syndepositional contractional structures in the hinterland of the
Malargüe fold-thrust belt, near the western edge of the Late
Cretaceous retroarc basin (e.g., Galarza et al., 2009; Mescua et al.,
2013; Fennell et al., 2016), and farther south in the Chos Malal
fold-thrust belt, Agrio fold-thrust belt, and Chihuidos High (Fig. 1)
(Cobbold and Rossello, 2003; Mosquera and Ramos, 2006; Zamora
Valcarce et al., 2006, 2009; Folguera et al., 2007; Rojas Vera et al.,
2015). Therefore, we consider the Neuquen Group to signify the
ﬁrst clear evidence of regional Andean shortening, likely involving
selective reactivation of inherited structures and growth of new
structures, in accordance with previous interpretations (e.g.,
Ramos, 1981, 2010a; Ramos and Folguera, 2005; Tunik et al., 2010;
Di Giulio et al., 2012; Balgord and Carrapa, 2016). The scale, thick-
ness, duration, and syndepositional structures of the Neuquen
Group are all consistent with deposition in a foredeep depozone of
a regional foreland basin system (Fig. 11C).
Provenance results for the Neuquen Group reveal competing
source regions: the Andean magmatic arc in the west and distal
basement sources in the east. The eastern sources could conceiv-
ably denote abrupt forebulge uplift (Di Giulio et al., 2012; Mescua
et al., 2013; Balgord and Carrapa, 2016), but are also compatible
with continued erosion of remnant postextensional topography
(Uliana and Biddle, 1988; Legarreta and Uliana, 1991, 1998) or early
foreland block uplifts (Mosquera and Ramos, 2006; Folguera et al.,
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detritus from foreland/cratonal basement in the east and the
dominance of magmatic arc materials in the west seems to argue
against Late Cretaceous establishment of signiﬁcant fold-thrust
topography. Nevertheless, as shown in other recent U-Pb datasets
(Tunik et al., 2010; Balgord and Carrapa, 2016; Fennell et al., 2016),
the upsection increase in material of western origin suggests a
progressive Cenomanian to Campanian buildup of early Andean
topography. This ~100e80 Ma phase of Andean orogenesis
(Fig. 11C) coincides with initial contractional construction of the
southernmost Andes (Dalziel et al., 1974; Nelson et al., 1980; Dalziel,
1981, 1986; Wilson, 1991; Kohn et al., 1995; Fildani et al., 2003;
Fosdick et al., 2011).
8.2. Discontinuous early Andean shortening
Although the Late Cretaceous record may be considered to mark
the onset of continuous long-term shortening, we propose a more
complex and temporally irregular pattern involving variable
Mesozoic and Cenozoic tectonic regimes (Fig. 11). The coarse-
grained foredeep deposits of the Neuquen Group are distinguish-
able frommany retroarc foreland basin successions in that they are
capped by a thin but long-lived package of distal, ﬁne-grained
facies represented by the Malargüe Group (Fig. 4). In the northern
Neuquen Basin, neither the CenomanianeCampanian Neuquen
Group nor the CampanianePaleogene Malargüe Group recorded
clastic input from exclusively Andean orogenic sources, as evi-
denced by mixed provenance signatures emblematic of both
eastern and western sources. Moreover, relative to the Neuquen
Group, the Malargüe Group recorded considerably lower accumu-
lation rates over a prolonged time frame, as required by U-Pb age
distributions (Fig. 8) constraining accumulation of only a few
hundred meters of basin ﬁll over a >40 Myr period.
These patterns of slow accumulation of distal clastic sediments
derived from variable sources (Fig. 11D and E) appear inconsistent
with synorogenic clastic contributions during continuous buildup
of signiﬁcant topography in a growing fold-thrust belt. Speciﬁcally,
it is difﬁcult to reconcile the observed shift from coarse- to ﬁne-
grained sedimentation, reduction of clastic input, limited
orogenic provenance, and slower accumulation with sustained
orogenic growth. Instead, these patterns support interpretations of
diminished tectonic subsidence, reduced shortening, and a possibly
neutral-stress arc-trench system, rather than the well-organized
retroarc fold-thrust belt and systematically migrating foreland
basin system observed elsewhere in the Cenozoic stratigraphic
record of the central Andes (Horton and DeCelles, 1997; DeCelles
and Horton, 2003; DeCelles et al., 2011; Siks and Horton, 2011).
Therefore, rather than a single Late Cretaceous switch to sustained
regional shortening that persisted from ~100 Ma to present (e.g.,
Ramos, 2010a; Balgord and Carrapa, 2016), we interpret several
ﬂuctuating tectonic regimes during Mesozoic-Cenozoic evolution
of the Andes and associated sedimentary basins.
Prior to Late Cretaceous shortening, brief phases of fault reac-
tivation and basin inversion occurred along selected extensional
structures of the Neuquen Basin during a long-lived postexten-
sional phase that lasted most of Middle JurassiceEarly Cretaceous
time (Fig. 11B). Although this pattern of inversion between roughly
150 and 100 Ma does not rule out the possibility of minor short-
ening in far western regions, which could have been overprinted by
younger arc magmatism, such zones did not exert a considerable
inﬂuence in terms of crustal thickening, ﬂexural loading, or sedi-
ment delivery. Following Late Cretaceous shortening (Fig. 11C), an
anomalous yet protracted (~40 Myr) Paleogene period of low ac-
commodation in the retroarc region (Fig. 11D and E) is well
expressed, yet is at odds with typical post-foredeep basin evolution(DeCelles and Giles, 1996) and likely requires cessation or signiﬁ-
cant reduction of shortening.
8.3. Stratigraphic hiatus prior to major Andean shortening
The U-Pb geochronological results reported here indicate a late
middle Eocene to earliest Miocene (roughly 40 to 20 Ma) strati-
graphic hiatus prior to shortening in the Malargüe fold-thrust belt
and accompanying foredeep to wedge-top accumulation in the
Malargüe foreland basin (Fig. 11EeH). The ~20 Myr hiatus corre-
sponds to the disconformity between ﬁne-grained distal facies of
the Coihueco Formation and overlying coarse proximal deposits of
the Agua de la Piedra Formation (Fig. 4). Directly capping the
disconformity, the extensive Rodados Lustrosos unit (Groeber,
1951; Gorro~no et al., 1979; Yrigoyen, 1993; Sempere et al., 1994)
forms a distinctive pebble-cobble conglomerate composed of
highly polished, well-rounded clasts with highly oxidized, desert
varnished surfaces. This up to 20m thickmarker unit persists over a
~300 km north-south distance, from 33S to 36S (Yrigoyen, 1972,
1979; Sempere et al., 1994).
The disconformity may signify a phase of widespread erosion,
possibly linked to broad regional uplift or long periods of landscape
stability involving neither pronounced erosion nor accumulation.
The stratigraphic relationship is broadly similar to unconformities
or highly condensed sections symbolizing forebulge passage over a
comparable time frame (10e30 Myr) in other foreland basin sys-
tems (DeCelles et al., 1998; Horton et al., 2001; DeCelles and
Horton, 2003; DeCelles, 2012). However, the notable presence of
extensively weathered clasts suggests protracted residence time at
the surface, with limited erosion or deposition, consistent with
long-term abandonment of a geomorphic surface. Such a strati-
graphic record is incompatible with large-scale exhumation, as
would be expected in an uplifted basement block or large-scale
ﬂexural rebound after earlier shortening (e.g., Heller et al., 1988;
Legarreta and Uliana, 1991). More importantly, the genesis of this
surface from ~40 to 20 Ma unmistakably overlaps in time with late
Eocene to early Miocene extension farther to west, in both the
Argentina retroarc and Chile forearc settings, including the
Loncopue trough, Abanico basin, and Cura-Mallín basin (Fig. 1)
(Suarez and Emparan, 1995; Jordan et al., 2001a,b; Burns et al.,
2006; Charrier et al., 2002, 2007; Nystr€om et al., 2003; Folguera
et al., 2010; Rojas Vera et al., 2010, 2014). We propose that the
important period of diminished foreland accommodation at
36e40S (Fig. 11D and E) reﬂects a neutral to modestly extensional
tectonic regime during a ~40e20 Ma phase of mechanical decou-
pling and possible retreating-slab conditions along this segment of
the Nazca-South America plate margin prior to the main Neogene
phase of Andean orogenesis (Fig. 11FeH).
9. Conclusions
(1) Stratigraphic relationships and detrital zircon U-Pb age sig-
natures for Mesozoic-Cenozic clastic deposits of the northern
Neuquen Basin of western Argentina in the southern central
Andes at 34e36S support a history of: (a) TriassiceMiddle
Jurassic extensional basin genesis; (b) Late JurassiceEarly
Cretaceous postrift thermal subsidence, with a minor pulse
of latest Jurassic extension, localized transpressional fault
reactivation, and coarse clastic sedimentation (Tordillo For-
mation); (c) Late Cretaceous shortening and accumulation of
a thick coarse clastic succession (Neuquen Group); (d)
Paleogene lowaccommodation during possible neutral stress
conditions (Malargüe Group, including the Pircala and Coi-
hueco Formations); and (e) Neogene basement uplift, fold-
thrust shortening, and ﬂexural foreland basin conditions
B.K. Horton et al. / Journal of South American Earth Sciences 71 (2016) 17e4036(Agua de la Piedra, Loma Fiera, and Tristeza Formations).
Competing source regions during Mesozoic basin evolution
included Permian-Triassic igneous basement (Choiyoi
Group) in the east (300e250 Ma age signatures) and the
early Andean magmatic arc in the west (250e100 Ma). The
Cenozoic basin history included the introduction of new
sources related to expansion of the magmatic arc (<100 Ma)
and recycling of Mesozoicelower Cenozoic basin ﬁll during
eastward advance of upper crustal shortening and the
Malargüe fold-thrust belt.
(2) U-Pb age distributions for Cenozoic basin ﬁll deﬁne the
depositional ages of the principal stratigraphic units,
including the Paleoceneemiddle Eocene Pircala and Coi-
hueco Formations spanning roughly 60 to 40 Ma, and the
Miocene Agua de la Piedra, Loma Fiera, and Tristeza Forma-
tions from roughly 20 to 5 Ma. These geochronological re-
sults constrain the age and duration of the CoihuecoeAgua
de la Piedra disconformity to late middle Eocene to earliest
Miocene time, an ~20 Myr hiatus marked by the heavily
weathered, desert varnished clasts (Rodados Lustrosos) of
the basal Agua de la Piedra Formation. This phase of
nondeposition coincides with minor extension to the west,
inconsistent with foreland shortening, ﬂexural loading, and
forebulge development. We that a neutral to extensional
tectonic regime at ~40e20 Ma may be the product of
diminished mechanical coupling along this segment of the
Nazca-South America plate boundary.
(3) Detrital zircon U-Pb provenance signatures combined with
spatial variations in deposystems and paleocurrents for
clastic basin ﬁll indicate an abrupt shift in sediment sources.
PaleoceneeEocene distal ﬂuvial and localized lacustrine de-
posits (Pircala and Coihueco Formations) recorded sediment
delivery from western volcanic sources in the Andean
magmatic arc, with limited input from eastern cratonic
basement deﬁned by the Permian-Triassic Choiyoi Group
igneous complex. In contrast, MioceneeQuaternary proximal
ﬂuvial/megafan deposits (Agua de la Piedra, Loma Fiera, and
Tristeza Formations) represent recycling of western sources
of Mesozoic strata (originally derived from basement and
magmatic arc sources) and chronicle the onset and growth of
the Malargüe fold-thrust belt.
(4) Improved constraints on the timing and advance of Neogene
retroarc shortening are provided by newly dated growth
strata showing eastward propagation of sequentially active
structures, including: (a) the basement-involved Río Atuel
fault at 10.5e7.5 Ma, based on outcrop and subsurface
growth strata; (b) the Sosneado thrust at the modern topo-
graphic front; and (c) blind subsurface structures in the
footwall of Sosneado thrust. These relationships demonstrate
eastward growth of the Malargüe fold-thrust belt, with
initial basement inversion along with geometrically and
kinematically linked thin-skinned thrust structures at shal-
lower structural levels toward the eastern foreland. A
Pliocene-Quaternary reduction or shutoff of thin-skinned
deformation in the Malargüe fold-thrust belt was accompa-
nied by foreland uplift of the San Rafael basement block,
which induced large-scale exhumation of Neogene foreland
basin ﬁll.
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